Foxa1 (formerly hepatic nuclear factor 3␣) belongs to the family of Foxa genes that are expressed in early development and takes part in the differentiation of endodermderived organs and the regulation of glucose homeostasis.
T
he Foxa gene family (formerly known as hepatic nuclear factor 3) plays an essential role in the development and maintenance of the endocrine pancreas (1) . Foxa2 is required for the activation of both subunits of the ATP-dependent potassium channel, as well as the expression of short-chain fatty acyl-CoA dehydrogenase (1, 2) . Mutations of either target have been linked to hyperinsulinemic hypoglycemia in humans (3) . In addition, Foxa2 contributes to the activation of the pancreatic duodenal homeobox 1 (IPF1 in humans), an essential regulator of both pancreatic development and ␤-cell function (4) . Foxa1 Ϫ/Ϫ mice die between P2 and P12 and are hypoglycemic with no change in hepatic expression of gluconeogenic enzymes and paradoxically low levels of plasma glucagon. Pancreatic preproglucagon mRNA levels are reduced by 70% in the mutant mice (5, 6) . The regulation of the glucagon gene by Foxa1 appears to be direct, as Foxa1 binds to the glucagon gene promoter in vitro and activates its expression in cotransfection assays (5) . In addition, Foxa1 Ϫ/Ϫ mice display impaired glucose tolerance in response to intraperitoneal glucose injection (6) . However, until now, it has not been established whether this is due to a ␤-cell deficiency and by what mechanism Foxa1 might regulate insulin secretion.
Here, we evaluate consequences of Foxa1 deletion on the function of the pancreatic ␤-cell. We demonstrate a profound defect in glucose-stimulated insulin secretion in perifusion assays and delineate a molecular mechanism that can, at least in part, explain this defect. We show that Foxa1-deficient ␤-cell mitochondria are partially uncoupled secondary to upregulation of uncoupling protein 2 (UCP2), an important regulator of oxidative phosphorylation and a direct transcriptional target of Foxa1 in vivo.
RESEARCH DESIGN AND METHODS

The derivation of Foxa1
Ϫ/Ϫ mice has been described previously (5) . Genotyping was performed by PCR analysis using genomic DNA isolated from the tail tips of newborn mice. All studies were performed on P8 pups on an F1 hybrid of the inbred mouse strains C57BL/6 and 129SvEv after having backcrossed the Foxa1-null allele for 11 generations to each parental strain. The F1 hybrid is a defined genetic background and has the advantage of hybrid vigor by complementation of recessive mutations from parental strains. All mice were thus genetically uniform with the exception of the Foxa1 locus. All procedures involving mice were conducted in accordance with approved institutional animal care and use committee protocols. Islet isolation and culturing. Islets were isolated using collagenase (EC 3.4.24.3 Serva 17449), digested in Hanks buffer, followed by separation of islets from exocrine tissue in a Ficoll (Sigma F-9378) gradient (modified from [7] ). Isolated islets were used fresh or cultured at 37°C, in 5% CO 2 /95% O 2 for 3 days in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mmol/l glutamine, 100 units/ml penicillin, 50 g/ml streptomycin, and 10 mmol/l glucose. Perifusion of islets and insulin release experiments. Freshly isolated islets were placed on a nylon filter in a plastic perifusion chamber (Millipore, Bedford, MA). The perifusion apparatus consisted of a water bath (37°C), a fraction collector (Waters Division of Millipore), and a computer-operated high-performance liquid chromatography system (Waters 625 LC System), which allowed programmable rates of flow and glucose concentration in the perifusate. The perifusate was a Krebs bicarbonate buffer (pH 7.4) containing 2.2 mmol/l Ca 2ϩ and 0.25% BSA equilibrated with 95% O 2 /5% CO 2 . Islets were perifused with a ramp of 1 mmol/l glucose per min. The maximal islet secretion response was tested at the end of each experiment with 30 mmol/l KCl after washout of glucose.
Insulin measurements. Insulin in the effluent was measured by radioimmunoassay with charcoal separation (8) . Rat insulin from Linco Research served as standard, and Miles anti-insulin antibody from ICN was the primary antibody. Intracellular calcium measurement. Cultured P8 islets were loaded with fura-2 AM (Molecular Probes, Eugene, OR) during a 40-min pretreatment at 37°C in 2 ml of Krebs-Ringer bicarbonate buffer (KRBB) supplemented with 1 mmol/l fura-2 AM. The loaded islets were transferred to a perifusion chamber and placed on the thermo platform of an inverted Zeiss microscope. Islets were perifused with KRBB at 37°C at a flow rate of 2 ml/min, while various treatments were applied. The microscope was used with a 40ϫ oil-immersion objective. The intracellular Ca 2ϩ was determined from the ratio of the excitation of fura-2 AM at 334 and 380 nm. Emission was measured at 520 nm by an AttoFluor charge-coupled device camera and calibrated using AttoFluor Ratio Vision software. ATP assay. Cultured islets were preincubated at 37°C for 1 h in glucose-free KRBB and then incubated in solutions with defined glucose concentration. ATP was extracted from islets and assayed as previously described (9) . Immunohistochemistry and ␤-cell counting. Slides were blocked with Avidin D and Biotin blocking reagents (Vector Laboratories, Burlingame, CA) for 15 min at room temperature, followed by blocking with protein-blocking reagent (Immunities, Fullerton, CA) for 20 min at room temperature. The anti-insulin antibody (Linco) was diluted 1:400 in PBS and incubated with the sections overnight at 4°C. Slides were washed in PBS and incubated with biotinylated anti-goat antibody. Horse radish peroxidase-conjugated avidinbiotin complex reagent was used following the manufacturer's protocol (Vector). Signals were developed using diaminobenzidine tetrahydtochloride as substrate. For ␤-cell mass determination, pancreata were laid flat during the paraffin-embedding process. The section with the largest footprint was stained for insulin by immunohistochemistry as outlined above. Quantification of ␤-cell area was performed as described previously (10) . RNA isolation and real-time RT-PCR. Islets isolated from three to five P8 mice of the same genotype were homogenized in 1 ml Trizol reagent (Invitrogen). Glycogen (20 g; Roche) was added to each sample as a carrier, followed by chloroform extraction and isopropanol precipitation. After being washed with 70% ethanol, RNA pellets were resuspended in 300 l of 10 mmol/l Tris, pH 7.5, 1 mmol/l EDTA, and 0.1% SDS. RNA was reextracted with 600 l phenol/chloroform/isoamyl alcohol (25:24:1) and was precipitated with one-tenth volume 3 mol/l sodium acetate and 3 volumes of ethanol. RNA was quantified with the RNA 6000 nano assay program of the Agilent 2100 bioanalyzer (Agilent Technologies, Wilmington, DE), diluted with nucleasefree water, and stored at Ϫ80°C until use. Islet RNA was reversed transcribed using 1 g Oligo (dT) primer and Superscript II Reverse Transcriptase and accompanying reagents (Invitrogen). PCR mixes were assembled using the brilliant SYBR green quantitative PCR master mix (Stratagene, La Jolla, CA). Reactions were performed using the SYBR green program on a MX 4000 quantitative PCR system (Stratagene). All reactions were performed in triplicate, and the median C t value was used for analysis. Primer sequences are available upon request. Evaluation of mitochondrial membrane potential. Mitochondrial membrane potential was evaluated on isolated cultured islets using ApoAlert mitochondrial membrane sensor kit (Clontech Laboratories). Computational identification of Foxa binding sites in the UCP2 promoter. The transcription regulatory element database (http://rulai.cshl.edu/ cgi-bin/TRED/tred.cgi?processϭanalysisMatrixForm), which uses the Foxa position weight matrix from the JASPAR database, was used to identify Foxa binding sites in the proximal promoter of UCP2. Potential Foxa transcription factor binding sites were located using a cutoff score of 6.00. Formaldehyde cross-linking and chromatin immunoprecipitation assays. Three hundred handpicked isolated islets from adult CD1 mice were suspended in 1% formaldehyde in PBS and were incubated for 10 min at room temperature while being rotated. Cross-linking was quenched by the addition of glycine to a final concentration of 0.125 mol/l, with constant shaking, for an additional 5 min. Islets were rinsed in cold PBS and lysed by rotating for 15 min at 4°C in 700 l cell lysis buffer (10 mmol/l Tris-Cl, pH 8.0, 10 mmol/l NaCl, 3 mmol/l MgCl 2 , and 0.5% NP-40), supplemented with protease inhibitors. Sonication was performed with a sonic dismembrator model 100 sonicator (Fisher Scientific) with a microtip probe set to a power output of 4 -6 W for three cycles of 20 s each. Insoluble debris was removed by centrifugation at 13,000g for 10 min at 4°C, and the supernatant was collected and flash frozen in liquid nitrogen. To obtain an "input DNA" fraction, cross-linking was reversed for a 50-l aliquot, by the addition of NaCl to a final concentration of 192 mmol/l, overnight incubation at 65°C, and purification using a Minelute PCR purification kit (Qiagen). For immunoprecipitations, 650 l cross-linked chromatin was precleared by incubation for 1 h at 4°C with 125 l protein G-agarose (Upstate Biotechnology, Lake Placid, NY) in a total volume of 1 ml chromatin immunoprecipitation assay (ChIP) dilution buffer (20 mmol/l Tris-HCl, pH 8.1, 1% Triton X-100, 2 mmol/l EDTA, and 150 mmol/l NaCl). After this preclearing, the supernatant was evenly divided and incubated overnight with Foxa1-specific antiserum (kind gift of G. Schü tz, Heidelberg, Germany) or control IgG. Immunoprecipitation was performed as described (11) . The precipitated and un-cross-linked DNA was purified on a Minelute purification column and eluted in 30 l 10 mmol/l Tris, pH 8.5. Primer sequences for PCR are available upon request. Electrophoretic mobility shift assays. Oligonucleotides were synthesized corresponding to the Foxa binding sites in the UCP2 promoter. Radiolabeled probes were generated by incubation of 250 ng annealed oligonucleotides with 20 Ci 32 P-dCTP in the presence of Klenow DNA polymerase (Roche Applied Science, Indianapolis, IN) for 15 min at 37°C. Radiolabeled probes were subsequently separated from free nucleotide using G-50 column purification (Amersham). Liver nuclear extract was then incubated at room temperature for 15 min with a 100,000-dpm radiolabeled probe and 1 g poly(dI-dC) in 10 mmol/l Tris-HCl, pH 7.5, 50 mmol/l NaCl, 1 mmol/l dithiothreitol, 1 mmol/l EDTA, and 5% glycerol. Some binding reactions were subsequently incubated
FIG. 1. Glucose-stimulated insulin release from Foxa1
؉/؉ , Foxa1 ؉/؊ , and Foxa1 Ϫ/Ϫ islets. After isolation, islets were allowed to recover and stabilize for ϳ30 min in KRBB containing no glucose. Then, a glucose ramp was applied progressively from 0 to 50 mmol/l, increasing glucose at 1 mmol/l per min (G). Glucose was washed out for 10 min (No Substrate) before testing islets with high concentration of potassium chloride (KCl). Insert: Foxa1 Ϫ/Ϫ islets showed a delayed initial response to the glucose ramp compared with controls (n ‫؍‬ 5).
with anti-Foxa1/2 antibody (Santa Cruz sc-6553) for 30 min at room temperature. Samples were resolved on 5% polyacrylamide gels in 0.5% Tris-borate-EDTA at 300 V for 2 h. The dried gel was exposed to a phosphorimager cassette (Amersham) and analyzed with Storm840 software (Amersham). Oligonucleotide sequences for the Foxa sites in the UCP2 promoter: Ϫ1,760 bp forward, 5Ј-GGGGAAAAAGATTTATTTATTTTATGTA-3Ј; Ϫ1,760 bp reverse, 5Ј-GGGGTACATAAAATAAATAAATCTTTTT-3Ј; Ϫ1,639 bp forward, 5Ј-GGGGGAGTCCAAAAATTTATTTATAACT-3Ј; Ϫ1,639 bp reverse, 5Ј-GGGGAGT TATAAATAAATTTTTGGACTC-3Ј.
RESULTS
Mice deficient for the winged helix transcription factor Foxa1 are hypoglycemic (5) but have reduced plasma insulin levels after intraperitoneal glucose challenge (6) . However, the molecular mechanism of this apparent insulin secretory effect has not yet been investigated. We used the islet perifusion technique in order to evaluate insulin release from isolated Foxa1
, and wild-type islets in response to glucose challenge. Foxa1-deficient islets exhibited dramatically reduced glucose-stimulated insulin release (Fig. 1) . The maximum rate of insulin release in response to high glucose was ϳ10 times lower compared with the wild-type islets. In addition, mutant islets showed a right shift in their response to glucose (Fig.  1) , requiring higher glucose levels to initiate the first-phase response. At the end of every experiment, the functional integrity of the islets was confirmed by the secretory response to KCl depolarization. Interestingly, the KCl response was apparent, but consistently reduced in Foxa1 Ϫ/Ϫ islets compared with the controls. The reduced insulin secretory response of Foxa1 Ϫ/Ϫ -deficient ␤-cells, even when depolarized completely by KCl, raised the question of whether insulin content is dependent on Foxa1. Indeed, we found that total pancreatic insulin content normalized to pancreatic mass was approximately three times lower (533 Ϯ 96 vs. 154 Ϯ 14 ng/ mg pancreas), and total glucagon content was reduced ϳ2.5-fold (48 Ϯ 9 vs. 20 Ϯ 1 pg/mg pancreas) in Foxa1 Ϫ/Ϫ compared with wild-type pancreata ( Fig. 2A and B) . This reduction in total insulin content could be due to a reduction in ␤-cell mass or a decrease of the amount of insulin per cell. To address this issue, we determined pancreatic ␤-cell area by point-counting morphometry. ␤-Cell area was not significantly changed in Foxa1 Ϫ/Ϫ mice (Fig. 2C) , suggesting that the defect lies in the amount of insulin per ␤-cell. Consistent with this notion, insulin mRNA levels in isolated islets were reduced by ϳ50% in Foxa1 Ϫ/Ϫ -deficient mice (Fig. 2D) . Thus, while the initial specification of pancreatic ␤-cells does not require Foxa1, terminal differentiation into fully mature ␤-cells is dependent on Foxa1 expression.
Given the striking defect in insulin secretion documented above, it appeared unlikely that the modestly reduced insulin content fully explains the defect in glucose-stimulated insulin release. Thus, we proceeded to identify additional defects, which may contribute to the reduction in insulin release. First, we measured changes in intracellular calcium levels in response to various secretagogues in mutant and in control islets using fluorescent calcium chelators and dual-wavelength fluorescent microscopy. Glucose, as well as the ATP-sensitive K ϩ channel (K ATP channel) blocker glyburide, evoked the expected calcium entry into control islets (Fig. 3A) , while the same stimuli were significantly less potent in the absence of Foxa1 (Fig. 3B) . These results suggested a defect in metabolism upstream of calcium inflow into the ␤-cell in Foxa1 Ϫ/Ϫ mice. Calcium entry into the cell under normal 
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physiological conditions depends on energy metabolism and the subsequent closure of ATP-dependent potassium channels. Therefore, we assessed ATP levels in islets of control and Foxa1 Ϫ/Ϫ mice exposed to various concentrations of glucose. As expected, the ATP content in control islets was increased significantly in response to 10 mmol/l glucose (Fig. 4A) . In contrast, ATP concentrations of Foxa1 Ϫ/Ϫ islets were not increased significantly after incubation with 10 mmol/l glucose (Fig. 4B ). In addition, ATP concentrations in Foxa1 Ϫ/Ϫ -deficient islets were lower than those of control mice at 2 and 5 mmol/l of glucose. The ATP levels per islet in our P8 islets are about 10-fold lower than those published for adult islets (12, 13) because the islets in newborn mice are much smaller than those of adult mice.
The deficit in glucose-stimulated ATP production in the cell must reflect defects in glucose catabolism or oxidative phosphorylation. We investigated the mRNA expression of multiple enzymes involved in glucose metabolism, including GLUT2, glucokinase, phosphofruktokinase-2, glyceraldehyde-3-phosphate dehydrogenase, and pyruvate kinase in isolated control and Foxa1 mutant islets by real-time RT-PCR. While most mRNA levels were unchanged, some showed a trend toward increased expression in Foxa1-deficient islets, perhaps indicating a compensatory response to attenuated ATP production (Fig. 5A) . Thus, a defect in glucose catabolism is not a likely cause for the defect in glucose-stimulated insulin secretion in our model. However, we found a statistically significant, nearly twofold increase in the expression of UCP2, a mitochondrial uncoupling protein, in Foxa1 Ϫ/Ϫ islets (Fig.  5A) . These findings suggest the following model of perturbed glucose metabolism and insulin secretion for Foxa1-deficient ␤-cells: absence of Foxa1 leads to increased expression of the uncoupling protein UCP2, which results in insufficient ATP production from glucose, as mitochondrial oxidative phosphorylation is partially uncoupled. Changes in glucose concentrations are then no longer translated efficiently into increased ATP levels, activation of the ATP-dependent potassium channel, and insulin release.
To prove our notion that oxidative phosphorylation in Foxa1 Ϫ/Ϫ islets is uncoupled, we assessed mitochondrial membrane potential in control and mutant islets, using membrane potential-sensitive fluorescent dies. Dye aggregates are formed in healthy mitochondria with a large membrane potential and fluoresce red, while at low membrane potential the fluorescent dye monomers stay in cytosol and glow green. The red color emitted from Foxa1 ϩ/ϩ islets reflects high mitochondrial membrane potential and is indicative of coupled respiration and oxidative phosphorylation (Fig. 5B) . In contrast, mitochondria of Foxa1 Ϫ/Ϫ islets were uncoupled as evidenced by the green fluorescence (Fig. 5B) 
FIG. 4. ATP levels in islets isolated from Foxa1
؉/؉ and Foxa1 Ϫ/Ϫ mice. Isolated islets were cultured with 10 mmol/l glucose for 3 days. Islets were cultured for 1 h without glucose, followed by 1 h incubation with 2, 5, or 10 mmol/l glucose. A: ATP levels were elevated in control islets after incubation with 10 mmol/l glucose compared with 2 or 5 mmol/l. B: Foxa1 Ϫ/Ϫ islet ATP levels did not change significantly under the same conditions. The ATP levels per islet shown here are about 10-fold less than those obtained for adult islets due to the fact that the islets from P8 mice have, on average, only one-tenth the volume of adult islets.
correlates with decreased membrane potential indicative of uncoupled oxidative phosphorylation.
Next, we investigated whether UCP2 is a direct transcriptional target of Foxa1. First, we examined the proximal promoter of UCP2 for potential Foxa binding sites, as previous studies have indicated that this region contains important regulatory elements for UCP2 expression (14) . Computational analysis identified two high-scoring Foxa binding sites located ϳ1.7 kb upstream of the transcriptional start site (TSS) (Fig. 6A) . To determine if Foxa1 occupies the UCP2 promoter in islets, we performed ChIP using Foxa1-specific antiserum. ChIP from isolated mouse islets followed by PCR using primers (ChIP primer 1) selectively amplifying this region revealed that Foxa1 binds 1.7 kb upstream of the TSS. Primers (ChIP primer 2) amplying a region located 700 bp upstream of the TSS, which did not contain high-scoring Foxa sites, were used as a negative control (Fig. 6B) .
Under the experimental conditions described above, sonication of cross-linked chromatin produces an average DNA length of ϳ500 bp (data not shown). Thus, PCR of the immunoprecipitated DNA alone cannot determine which of the two putative Foxa binding sites located 1.7 kb upstream of the TSS represents true Foxa binding sites. Thus, we performed electrophoretic mobility shift assays. Incubation of liver nuclear extract with a radiolabeled oligonucleotide containing a known Foxa binding sequence resulted in a strong shift of the radioactive band. Addition of Foxa antibody generated a supershifted band that was not observed with the addition of preimmune serum, indicating that the bound protein is indeed a Foxa protein. However, the intensity of the shifted band was strongly diminished with the addition of an unlabeled competitor oligonucleotide containing the Foxa recognition sequence beginning at Ϫ1,760 bp but only weakly with the addition of an unlabeled probe containing the putative binding site at Ϫ1,639 bp (Fig. 6C) . Thus, Foxa1 binds to the UCP2 promoter at a preferred site located between Ϫ1,760 and Ϫ1,749 bp relative to the transcriptional start site of the gene.
DISCUSSION
An important role for Foxa1 in insulin secretion or action had been suggested by an abnormal response to intraperitoneal glucose challenge in Foxa1-deficient mice (6); however, the mechanistic nature of this defect has not been investigated previously. Here, we demonstrate that Foxa1-deficient islets have severely impaired glucose-stimulated insulin secretion. In addition to a dramatically decreased maximal secretion response, the onset of insulin secretion is also delayed. While ␤-cell area is unaffected by the loss of Foxa1, insulin content and insulin gene expression is reduced in islets of Foxa1 Ϫ/Ϫ mice. Thus, terminal differentiation of fully mature ␤-cells is dependent on Foxa1. At present, it remains unclear how insulin mRNA levels are altered in the absence of Foxa1. To investigate whether Foxa1 might be a transcriptional activator of the mouse insulin genes, we performed cotransfection assays with reporter constructs driven by both the mouse Insulin-1 
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and Insulin-2 genes. However, we were unable to find significant activation of these reporters by Foxa1 cotransfection (data not shown). In addition, computational analysis of the insulin gene promoters failed to identify consensus Foxa binding sites. Therefore, it is likely that changes in insulin gene expression in Foxa1 Ϫ/Ϫ -deficient islets are a secondary consequence of the loss of Foxa1.
The first phase of insulin release depends on the activity of the K ATP channel, which in turn depends on the efficient utilization of glucose and the production of ATP. We found a major defect in glucose-dependent ATP production in Foxa1-deficient islets. Initially, we investigated genes involved in glycolysis as potential Foxa1 targets. However, we found that expression of these genes is unchanged or even slightly increased in the absence of Foxa1, which would be expected to result in unchanged or elevated ATP production from glycolysis. Thus, a defect in glycolysis does not explain the failure to secrete insulin in response to glucose observed in Foxa1 Ϫ/Ϫ mice.
The insulin secretion defect in Foxa1 Ϫ/Ϫ mice can be explained by the upregulation of UCP2. UCP2 belongs to a small family of natural uncouplers of respiration and oxidative phosphorylation. Originally thought to function mainly in thermogenesis by brown adipose tissue, UCP2 gene expression in pancreatic ␤-cells is an important determinant of the sensitivity of insulin secretion to changes in glucose levels. Pancreatic islets isolated from UCP2-deficient animals secrete more insulin and demonstrate higher levels of ATP (13), while UCP2 overexpression in cultured rat islets leads to severe blunting in glucose-stimulated insulin secretion (12) . Importantly, it has been demonstrated in several models that even small changes in UCP2 mRNA expression result in changes in glucose homeostasis. For instance, the 50% reduction in UCP2 mRNA levels in UCP2 ϩ/Ϫ mice resulted in a twofold increase in plasma insulin levels (13) , thus relatively small changes in UCP2 expression, like the one we demonstrated above, are of functional significance. Through chromatin immunoprecipitation and electrophoretic mobility shift assays, we demonstrate that UCP2 is a direct target of Foxa1. Foxa proteins are primarily considered activators of transcription; therefore, it is unlikely that Foxa1 functions to directly repress UCP2 transcription. However, Foxa proteins, by altering chromatin structure, are known to facilitate binding of other transcription factors to DNA (15, 16) . We have previously shown that Foxa2 promotes binding of cAMP-responsive element-binding protein and glucocorticoid receptor to chromatin targets in the fasting liver (17) . Other studies indicate that Foxa1 is required for binding of the estrogen receptor to cognate response elements (18, 19) . Recent studies indicate that Sirt1 is a potent transcriptional repressor of UCP2 gene expression in islets (20) . Sirt1 expression levels are not reduced in islets of Foxa1 Ϫ/Ϫ mice (data not shown); however, interestingly, Sirt1 occupies the UCP2 promoter in close proximity to the Foxa1 binding site shown above (20) . Thus, it is tempting to speculate that the binding of a transcriptional repressor, such as Sirt1, to the UCP2 promoter is Foxa1 dependent. Future experiments will examine the biochemical mechanisms by which Foxa1 mediates the repression of UCP2 gene expression.
In summary, we have established a novel role for Foxa1 in the pancreatic ␤-cell and have shown that Foxa1 is required for efficient coupling of oxidative phosphorylation by limiting UCP2 gene expression.
